Purpose Currently, open systems are mainly used for cryopreservation of ovarian tissue, oocytes, and embryos, but there is a potential risk of contamination. This study was performed to assess ovarian tissue cryopreservation by a closed vitrification system (Rapid-i vitrification system™), which is already used clinically for oocyte/embryo cryopreservation. Methods Ovaries of C57BL/6J mice were frozen and thawed by using the Rapid-i vitrification system™ (Rapid-i) followed by implantation into recipient mice. Hematoxylin-eosin staining was performed for histological examination of the frozen-thawed ovaries to assess follicle grade. Fertility after implantation of the ovaries was assessed from the live birth rate and the number of live pups. Results There was no significant difference in grade 1 primary follicles between fresh ovaries (control group, 94.2 ± 2.9%) and frozen-thawed ovaries (Rapid-i group, 87.1 ± 1.8%). However, there was a significant decrease in grade 1 early and late secondary follicles in the Rapid-i group compared with the control group. The live-birth rate was significantly lower in the Rapid-i group compared with the control group (29.2 vs. 83.3%, p < 0.05). On the other hand, there was no significant difference in the average number of live pups between the control group and the Rapid-i group (3 ± 0.4 vs. 2.7 ± 0.3). Conclusions The Rapid-i seems to be effective for cryopreservation of mouse ovarian tissue. Under appropriate conditions, the Rapid-i could be employed for ovarian tissue cryopreservation and preservation of fertility in humans.
Introduction
Ovarian tissue cryopreservation has emerged as an important counterpart in assisted reproductive technologies and is used mainly to preserve fertility of some female cancer patients. At least 95 babies have been born and reported after ovarian tissue cryopreservation and autotransplantation [1] . Cryo preservation of oocytes, embryos, and ovarian tissue is generally performed either by slow freezing or vitrification. In the reproductive medicine field, vitrification is currently the established method for cryopreservation of oocytes and embryos [2, 3] , while slow freezing is the conventional technique for cryopreservation of ovarian tissue [4] [5] [6] . In addition, ovarian tissue cryopreservation by vitrification has also been reported to be an effective technique in recent years [7] [8] [9] . However, the ovarian tissue cryopreservation (slow freezing or vitrification) is still experimental. Another issue is that standard cryopreservation employs an open system that involves exposure of biological material to liquid nitrogen during the preservation process. It has been reported that contact with liquid nitrogen may be a potential source of pathogens which can contaminate oocytes, embryos, and ovarian tissue [10] [11] [12] . Such reports have prompted the development of a closed vitrification system for cryopreservation of oocytes and embryos that avoids contact with liquid nitrogen [13] . This closed vitrification system (Rapid-i: Vitrolife, Göteborg, Sweden) has been used clinically, achieving similar survival compared with open cryopreservation methods and similar implantation rate compared with fresh embryos [14] . There have also been reports about closed vitrification systems for ovarian tissue [15] [16] [17] , but fertility after cryopreservation by such methods has not been investigated and the influence of using a closed system on fertility remains unclear. Moreover, clinical application has not been attempted.
Therefore, the present study was performed to histologically investigate the influence of the Rapid-i on mouse ovaries, as well as to identify its effect on fertility after ovarian tissue cryopreservation by assessing the live-birth rate and number of live pups.
Materials and methods

Animals
Female and male C57BL/6 and green fluorescence protein (GFP)-transgenic C57BL/6J-Tg (CAG-EGFP) mice (C57BL/ 6J genetic background) were purchased from SLC Japan Inc. (Tokyo, Japan). Mice were housed under a 12-h light/12-h dark regimen in a room maintained at 22°C and 55% humidity. Food and water were freely available at all times. All animal handling, housing, and experimentation were performed in accordance with the procedures specified by the Department of Animal Experiments at St. Marianna University School of Medicine (Kanagawa, Japan).
Collection of donor ovaries and cryopreservation/thawing
An outline of the experimental protocol is shown in Fig. 1 . Donor ovaries were collected from 28-day-old C57BL/6J-Tg (CAG-EGFP) mice and were placed in disposable Petri dishes containing Dulbecco's modified Eagle's medium/Ham's F-12 (1:1, v/v). Each ovary was cut into two halves, which were assigned randomly to frozen-thawed group and control group for morphological assay. The frozen-thawed group was cryopreserved using the RapidVit™ Omni (Vitrolife, Sweden) based on the official protocol provided. After 1-2 months, cryopreserved ovarian tissue was thawed by the RapidWarm™ Omni (Vitrolife, Sweden) per protocol and stored in the Warm4 medium until the transplantation. After assigning the groups, the control group was immediately shifted to examination of ovaries step. 
Examination of ovaries
Morphological investigation
Male mouse Fig. 1 Outline of the experimental protocol. Ovaries collected from C57BL/6J-Tg (CAG-GFP) mice were cut into two halves for cryopreservation using Rapid-i. After 2 to 3 weeks, the tissues were thawed and implanted into recipient mice and used for morphological investigation. The recipient mice were mated with male mice (C57BL/6J) for fertility assay. a Outline of the protocol. b An ovary cut into halves (left) and an intact ovary (right). c-e Rapid-i vitrification device and a mouse ovary. c The ovarian tissue (cut into halved) was placed in the device (oocyte or embryo load site). d The device with ovarian tissue dropped into a straw. e The device with ovarian tissue fit into closed straw. Scale bar = 1 mm sections were stained with hematoxylin-eosin and were observed under a microscope at 40 and 200 times magnification (Nikon Corporation, Tokyo, Japan). Three frozen-thawed ovarian tissues were treated in the same way after thawing.
Morphological investigation of follicles
The total number of follicles was counted in frozen-thawed ovarian tissue and in control ovarian tissue. The stages of follicular development were defined as follows: primordial follicle (a single layer of flattened pre-granulosa cells), primary follicle (1 granulosa cell layer), early secondary follicle (2-4 granulosa cell layers, no antrum), late secondary follicle (> 4 granulosa cell layers, no antrum), and antral follicle (multiple layers of cuboidal granulosa cells with an antrum). To prevent double counting, only the follicles with oocyte nuclei were counted.
Follicles were classified into three grades (G1-G3) according to the criteria shown in Fig. 2a [18] , and the percentage of follicles of each grade was calculated.
In addition, electron microscopy was performed to count the number of primordial follicles and to investigate the morphology of these follicles. Three ovarian tissues of each group were fixed overnight at 4°C in 2% paraformaldehyde/2.5% glutaraldehyde solution (0.1 M phosphate buffer, pH 7.4), washed with phosphate buffer, and fixed with 1% osmium tetroxide solution (in 0.1 M phosphate buffer) for 2 h at 4°C. After dehydration with ethanol and displacement with propylene oxide, the tissue was embedded in Epon resin. Semi-thin sections (1 μm) were cut and stained with toluidine
Primary
Early secondary Late secondary The horizontal axis indicates the stage of follicular development, and the vertical axis indicates the grade (G1, G2, and G3 correspond to good, average, and poor, respectively). Grading of the primary follicles: G1, the oocyte is spherical and the granulosa cells show a regular arrangement; G2, the oocyte is spherical, but the granulosa cells are partly detached; G3, the oocyte has a condensed or deformed nucleus or shows vacuolation. Grading of early/late secondary follicles: G1, intact spherical follicle with uniformly arranged granulosa cells/theca cells, small gaps between the granulosa and theca cells, and a spherical oocyte; G2, intact theca cells, but damaged granulosa cells, and a spherical oocyte; and G3, damage or loss of granulosa cells and theca cells, and nuclear condensation or loss of the oocyte. b Percentage of each grade of the primary follicles, early secondary follicles, and late secondary follicles. Bars represent means ± SE. *p < 0.05 vs. controls. The representative histology images from control (c) and thawed (d). Scale bar = 500 μm blue, while thin sections (80 nm) were stained with uranyl acetate and lead citrate. Observation was performed with a transmission electron microscope (JEOL JEM-1220; JEOL Ltd., Tokyo, Japan) at a magnification of ×1000 to ×10,000.
To investigate morphological changes of primordial follicles related to the duration of storage, 28 primordial follicles were randomly selected from each half ovary and were classified as G1-G3, as shown in Fig. 3a .
Transplantation of ovarian tissue
Orthotopic transplantation of 24 frozen-thawed half ovaries was performed in twelve 6-week-old female C57BL/6J mice. Fresh ovaries harvested from three 4-week-old C57BL/6J-Tg (CAG-EGFP) mice were cut into halves and orthotopic transplanted in six 6-week-old female C57BL/6J mice as a control. Transplantation was done by the Migishima method [19] , with some modifications. In brief, anesthesia was induced by intraperitoneal injection of pentobarbital sodium (7.5 g/kg). A midline longitudinal skin incision was made in the lower back, followed by bilateral small incisions in the fascia and muscles immediately above each ovary, through which the reproductive tract was lifted out. A small slit was made in the ovarian bursa to expose each ovary. Then the recipient's ovaries were removed under an operating microscope and frozen-thawed half ovaries or fresh ovaries were implanted, after which the bursal membrane was sutured and the bursa was replaced. Finally, the skin incision was sutured.
Mating and assessment of fertility
In all recipient mice, recovery of the estrous cycle was confirmed at 7 to 14 days after transplantation by vaginal smear method. Animals were maintained for 3 weeks after transplantation to allow primordial follicle recruitment and then were paired with male C57BL/6 J mice. After mating was confirmed by detection of a vaginal plug, the females were housed individually. The number of dams giving birth relative to the number with confirmed pregnancy (live-birth rate) was calculated, and the number of live pups per dam was recorded.
Statistical analysis
The percentage of follicles in each stage, the number of follicles of each grade, live-birth rate, and the number of live pups were calculated and expressed as the mean ± standard error. The Mann-Whitney U test and Fisher's exact test were performed for statistical analysis using GraphPad Prism software, with the level of significance being set at p < 0.05.
Ethical approval
This study was approved by the Animal Experiments committee of St. Marianna University School of Medicine (approval no. 1606007).
Grade 1 Grade 2 Grade 3
Primordial follicle (%) Fig. 3 Electron microscopy findings. a Grading of primordial follicles by electron microscopy. G1, the nucleus of the oocyte is round and the nuclear membrane is regular; G2, the nuclear membrane is irregular or there is a gap between the cytoplasm of the oocyte and the granulosa cells. Neither mitochondrial ballooning nor aggregation of chromatin is seen. G3, the nuclear membrane of the oocyte is lost or there is mitochondrial ballooning and chromatin aggregates. b Electron microscopic grading of primordial follicles in the two groups. The graph shows the percentage of primordial follicle of each grade
Results
Histological examination of primary, early-secondary, and late-secondary follicles
When the distribution of follicles of each grade was compared (Fig. 2b) , there were no significant differences in the percentage of G1, G2, and G3 primary follicles between the control ovarian tissues (G1, 94.2 ± 2.9%; G2, 5.4 ± 3.1%; G3, 0.4 ± 0.4%) and the frozen-thawed ovarian tissues (G1, 87.1 ± 1.8%; G2, 7.8 ± 1.6%; G3, 5.1 ± 2.7%). However, the percentages of G1 early-secondary follicles and G1 late-secondary follicles were significantly lower in frozen-thawed ovarian tissue compared with the control ovarian tissue. Conversely, the percentages of G2 early-secondary and late-secondary follicles were significantly higher in frozen-thawed ovarian tissue compared with the control ovarian tissue.
Histological examination of primordial follicles by electron microscopy
When 28 primordial follicles were randomly selected and graded by electron microscopy, it was found that 14% of primordial follicles were G1 in control ovarian tissue vs. only 7% in frozen-thawed ovarian tissue (Fig. 3b) . In both types of ovarian tissue, most primordial follicles were classified as G2 because the oocyte nucleus was irregular and there was a gap between the cytoplasm of the oocyte and the granulosa cells. G3 primordial follicles (with loss of the nuclear membrane, mitochondrial ballooning, and aggregation of chromatin) were also found in both types of ovarian tissue. The distribution of primordial follicle grades was not significantly different between the control and the frozen-thawed ovarian tissues (p = 0.09: Fisher's exact test).
Recovery of ovarian functions and live-birth rate
Frozen-thawed ovarian tissue (Rapid-i group) or fresh ovaries (control group) were transplanted into recipient mice, and fertility was assessed after mating with male mice. As shown in Fig. 4 , the time until recovery of the estrous cycle was similar in both groups (8.4 ± 0.6 vs. 8.8 ± 0.9), but the live-birth rate was significantly lower in the Rapid-i group compared with the control group (29.2 vs. 83.3%, p < 0.05). However, there was no significant difference in the average number of live pups between the Rapid-i group and control group (2.7 ± 0.3 vs. 3 ± 0.4). In addition, all of the live pups were derived from donor ovaries. 
Discussion
The main finding of this study was that fertility was preserved after transplantation of frozen-thawed ovarian tissue in mice following cryopreservation with the Rapid-i, a closed vitrification system already in clinical use for cryopreservation of oocytes and embryos.
In recent times, ovarian tissue cryopreservation has mainly been used for fertility preservation in cancer patients and infertile patients. Slow freezing is the standard method of ovarian tissue cryopreservation [20] . Among the 95 or more live births following ovarian tissue cryopreservation, most have been achieved by slow freezing [1, 21] . However, the slow freezing method requires special equipment. On the other hand, vitrification can be performed without special equipment by using a dedicated kit [22] , and there have also been a number of live births after ovarian tissue cryopreservation by vitrification in humans [7, 8] .
Both ovarian tissue cryopreservation techniques need further improvement. Although a risk of contamination by exposure to liquid nitrogen has been reported [11, 12] , the use of liquid nitrogen is unavoidable with open cryopreservation systems. Accordingly, the development of a closed cryopreservation system has been pursued to avoid this risk, and closed vitrification has been employed clinically for cryopreservation of oocytes and embryos with comparable viability and implantation rates to open cryopreservation systems [14] .
However, there is still no closed system for cryopreservation of ovarian tissue, so we investigated ovarian tissue cryopreservation with the Rapid-i in the present study. Examination of ovarian tissue sections showed that the grade of secondary follicles was lower in frozen-thawed ovarian tissue. It has been reported that the histological grade of secondary follicles tends to decrease more easily after cryopreservation compared with primary follicles in mice [23] and in humans [18] .
On the other hand, the histological grade of primary follicles did not differ significantly between frozen-thawed and control ovarian tissue, and neither did the histological grade of primordial follicles. These results suggested that frozen-thawed ovarian tissue did not show marked histological abnormalities.
In previous studies of ovarian tissue cryopreservation by closed vitrification, the influence on fertility has not been investigated. Therefore, we also assessed the effect of closed vitrification on fertility by determining the live birth rate and average number of live pups in mice. Although the live birth rate was significantly decreased after transplantation of frozen-thawed ovarian tissue (Rapid-i group) compared with fresh ovaries (control group), the average number of live pups was not significantly different between the two groups. This suggested that the Rapid-i could potentially be used for fertility preservation by ovarian tissue cryopreservation if the optimal protocol is determined. In addition, this study is to investigate whether ovarian tissue cryopreservation by Rapid-i has a potency for female fertility preservation. The condition of ovarian tissue cryopreservation in this study is based on embryo freezethawing method. Optimization of the freeze-thawing conditions would help to improve the outcome.
The present study had two main limitations. First, vitrification of ovarian tissue by the Rapid-i method is difficult because it was not designed for ovarian tissue cryopreservation. Therefore, there is a considerable risk of tissue damage related to technical problems and this might have contributed to the lower live birth rate in the Rapid-i group. Despite this problem, the similar number of live pups per dam in both groups suggested that the Rapid-i can be employed for appropriate cryopreservation of ovarian tissue. Furthermore, this study used mouse ovaries, which are much smaller than that of humans. Even though our results showed that the system has the potential to be employed for cryopreservation of mammalian ovaries, including those of humans, bigger ovaries may suffer more damages using similar methods. Further investigations are needed in mammals with ovaries of approximately the same size as human ovaries. More studies are needed before we extrapolate our findings for clinical use in humans.
Conclusion
At present, only a few centers around the world are able to perform ovarian tissue cryopreservation, and ovarian tissue may need to be transported for processing [24, 25] . Therefore, there is a pending demand for a better cryopreservation system and technique, so that the patients located in remote locations with limited access to the best reproductive treatment could opt for fertility preservation using this method. In the future, closed vitrification may be adopted clinically for cryopreservation of ovarian tissue based on the Rapid-i or other techniques that can be implemented at any hospital regardless of their location.
